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ABSTRACT

Natural gas hydrate (NGH) is generally produced and accumulated together with the underlying conventional
gas. Therefore, optimizing the production technology of these two gases should be seen as a relevant way to effec-
tively reduce the exploitation cost of the gas hydrate. In this study, three types of models accounting for the coex-
istence of these gases are considered. Type A considers the upper hydrate-bearing layer (HBL) adjacent to the
lower conventional gas layer (CGL); with the Type B a permeable interlayer exists between the upper HBL
and the lower CGL; with the type C there is an impermeable interlayer between the upper HBL and the lower
CGL. The production performances associated with the above three models are calculated under different con-
ditions, including only a depressurized HBL (only HBL DP); only a depressurized CGL (only CGL DP); and both
the HBL and the CGL being depressurized (HBL + CGL DP). The results show that for Type A and Type B coex-
istence accumulation models, when only HBL or CGL is depressurized, the gas from the other layer will flow into
the production layer due to the pressure difference between the two layers. In the coexistence accumulation model
of type C, the cumulative gas production is much lower than that of Type A and Type B, regardless of whether
only HBL DP, only CGL DP, or HBL + CGL DP are considered. This indicates that the impermeable interlayer
restricts the cross-flow of gas between HBL and CGL. For three different coexistence accumulation models,
CGL DP has the largest gas-to-water ratio.
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Nomenclature
qw Density of water, kg/m3

qg Density of gas, kg/m3

qh Density of hydrate, kg/m3

qR Density of rock, kg/m3

k Absolute permeability, μm2

krw Relative permeability of water phase
krg Relative permeability of gas phase
lw Viscosity of water, mPa⋅s
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μg Viscosity of gas, mPa⋅s
pw Pressure of water, Mpa
pg Pressure of gas, MPa
qw Amounts of water injected or produced, kg/(m3⋅s)
qg Amounts of gas injected or produced, kg/(m3⋅s)
Sw Saturation of water
Sg Saturation of gas
Sh Saturation of hydrate
mw Mass of dissociated water, kg/(m3⋅s)
mg Mass of dissociated gas, kg/(m3⋅s)
mh Mass of hydrate decomposition, kg/(m3⋅s)
f Porosity
CR Specific heat of rock, J/(kg⋅K)
Cw Specific heat of water, J/(kg⋅K)
Cg Specific heat of methane, J/(kg⋅K)
Ch Specific heat of hydrate, J/(kg⋅K)
kR Thermal conductivity of sediment, W/(m⋅K)
kw Thermal conductivity of water, W/(m⋅K)
kg Thermal conductivity of methane, W/(m⋅K)
kh Thermal conductivity of hydrate, W/(m⋅K)
DHh Heat absorbed per mole of hydrate decomposition, J/mol
T Temperature, K
nh Amount of hydrate at time t, mol
k0 Apparent rate factor of hydrate decomposition, mol/(m2 Pa⋅s)
Ahs Surface area of spherical hydrate particles, m2

Peq Hydrate phase equilibrium pressure, Pa
DE Decomposition activation energy, 78300 J/mol
R Ideal gas constant, 8.3144 J/(mol⋅K)
DHD Latent heat of phase transition, J/mol
krgo The maximum relative permeability of gas
krwo The maximum relative permeability of water
Sgr Residual gas saturation
Swr Residual water saturation
cg The index fitting parameter of gas phase
cw The index fitting parameter of water phase
Ti Bottom boundary temperature of hydrate-bearing layer, K
Tg Geothermal gradient, K/m
Pi Bottom boundary pressure of hydrate-bearing layer, MPa
g Gravitational acceleration, m/s2

1 Introduction

Natural gas hydrate (NGH) is a mixture of natural gas and water formed under conditions of low
temperature and high pressure that is widely distributed in the global ocean and permafrost. It is
considered the preferred alternative energy in the 21st century due to its abundant resources [1].
Therefore, the exploitation of NGHs has become a hot topic around the world.
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Several trial productions of NGH have been conducted using different methods in the last two decades.
These include using depressurization and thermal stimulation methods in Mallik [2,3], using depressurization
and CO2 exchange methods in Alaska [4], using depressurization in Nankai Trough [5,6], and
depressurization in Shenhu [7,8]. With the successful implementation of hydrate production trials, there
has been a great breakthrough in cumulative gas production and duration of production tests. However, it
is still far from being considered commercial exploitation [9]. The only practical produced gas hydrate
reservoirs in the world are in Messoyakha, which have been exploited with the underlying conventional
gas and have attracted considerable attention [10,11].

In recent years, many researchers have found that the large amount of natural gas leaking from
conventional gas reservoirs provides the gas source for shallow NGH accumulations. There is a spatial
coexistence accumulation relationship between the shallow NGH and conventional gas reservoirs [12,13].
Collett et al. [14] proposed the concept of a gas-hydrate petroleum system and explained the formation of
gas hydrate accumulation from the perspective of a petroleum system. The NGH in Green Canyon of the
Gulf of Mexico is closely related to the large-scale gas seepage from the lower conventional gas
reservoir, where leaking gas accumulates to form gas hydrates under suitable pressure and temperature
conditions, creating a capping effect on the lower reservoir and preventing further gas leakage [15–17].
The gas source of gas hydrate and gas reservoir in the Ulleung Basin of South Korea are both biogenic
[18]. The Beaufort-Mackenzie Delta Basin in Canada is different as it is thermogenic hydrocarbon gas
[19,20]. Deepwater oil and gas reservoirs and gas hydrates in the Northern South China Sea have a
longitudinal symbiotic combination, and there are a large number of gas chimneys, active fractures, deep
water channels, and submarine landslides in the basin, which have caused a large amount of gas leakage
from the lower gas reservoir and provided a rich gas source for the upper gas hydrate accumulation [21–
23]. Gas hydrates and conventional gas in the Qiongdongnan basin of the South China Sea are also
characterized by a symbiotic system [24–26]. The shallow NGH accumulations and conventional gas
reservoirs coexist geologically [27].

Therefore, the combined production of the NGH and conventional gas, which are closely connected in
space and time, can not only fully utilize resources but also produce various gases [28]. Some experiments
have confirmed that the presence of underlying gas can enhance the exploitation potential and gas recovery of
hydrate reservoirs [29,30]. And the dual gas co-production has higher gas production efficiency and lower
temperature drop to maintain the driving force of hydrate decomposition [31]. Moreover, numerical
simulations have revealed that reservoir permeability has a significant effect on combined production
[32]. However, only preliminary research has been conducted for the geological model with the
coexistence of hydrate and conventional gas layers, while the production performance under different
geological models of coexisting accumulation has been little investigated.

In this paper, three geological models of the coexistent accumulation of the upper hydrate-bearing layer
(HBL) and the lower conventional gas layer (CGL) were established using the CMG-STARS simulator. The
gas production performances of different depressurization cases were compared, including only
depressurized in the hydrate-bearing layer (only HBL DP), only depressurized in the conventional gas
layer (only CGL DP), and both depressurized in the hydrate-bearing layer and the conventional gas layer
(HBL + CGL DP). The production performance of different geological models with different
depressurization cases was analyzed, and then the production capacity contribution of different layers was
discussed. This study can provide reference and guidance for the combined production of NGH and
conventional gas and promote the industrialization of NGH.

2 Mathematical Model

Numerical simulation is an effective method to accurately predict the dynamics of gas production from
hydrate reservoirs. Some numerical simulators, such as TOUGH+HYDRATE [33], HydrateResSim [34,35],
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STOMP-HYD [36,37], MH-21 HYDRAS [38], CMG-STARS [39,40], have been successfully verified for
accuracy by international code comparison [41]. Among them, CMG-STARS is a relatively mature
simulator. It contains the kinetic parameters of the Kim-Bishnoi equation that can establish the
dissociation of heat and thermodynamics of the hydrate, and has been confirmed for its accuracy and
suitability by many researchers [42–44].

Three components were considered in the model, respectively, hydrate, gas, and water. The model’s
assumptions were that (1) NGH was an immobile solid phase that was dissociated into gas and water by
depressurization and (2) the flow of gas and water conformed to Darcy’s law. As the decomposition of
hydrate is an endothermic process, this model considered the non-isothermal reaction of the reservoir, the
change of hydrate phase equilibrium, and heat transfer mechanisms such as heat conduction and heat
convection. The kinetic equations of the hydrate formation and decomposition reactions were modified in
CMG-STARS to calculate the dissociation of the natural gas hydrate.

The mass conservation equations of each component are as follows:

water: r � qwkkrw
lw

rpw

� �
þ qw þ mw ¼ @

@t
ðqwfSwÞ (1)

gas:r � qgkkrg
lg

rpg

 !
þ qg þ mg ¼ @

@t
ðqgfSgÞ (2)

hydrate:
@

@t
ðqhfShÞ ¼ mh (3)

The energy conservation equation is as follows:

@

@t
ðCeff TÞ ¼ r � ðkeffrTÞ þ r � kkrwqw

lw
Cwrpw þ kkrgqg

lg
Cgrpg

 !
T

" #

� mhDHh þ qgCgT þ qwCwT

(4)

where Ceff and λeff are as follows:

Ceff ¼ ð1� fÞqRCR þ fSwqwCw þ fSgqgCg þ fShqhCh (5)

keff ¼ ð1� fÞkR þ fSwkw þ fSgkg þ fShkh (6)

The phase equilibrium of NGH is determined by pressure and temperature. In the model, the K value was
used to determine the hydrate phase equilibrium. And the relationship between the K value and phase
equilibrium was experimentally established by Liu et al. [45], as given in Eq. (7).

K ¼ k1=Pð Þ � exp k2=ðT�k3Þð Þ (7)

where k1, k2, k3 are three phase equilibrium constants, which can be obtained by fitting the phase equilibrium
curve of NGH.

The classical Kim-Bishnoi kinetics model was used to calculate the dissociation rate of NGH, and the
apparent decomposition rate constant factor and decomposition activation energy were introduced.
Assuming that the hydrate exists as spherical particles in the porous medium, the dissociation rate of
NGH is as follows [43]:

dnh
dt

¼ k0Ahs � Sw � Sh � f2 � Peqe
�DE=RT ð1� KÞ (8)
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The latent heat equation for the phase change of hydrate is as follows:

DHD ¼ C1 þ C2T (9)

When
0�C,T , 25�C
�25�C,T , 0�C

�
; C1 ¼ 13521

6534

�
; C2 ¼ �4:02

�11:97

�
.

The saturation equation and the relative permeability model are as follows:

Sw þ Sg þ Sh ¼ 1 (10)

krw ¼ krwo
Sw � Swr

1� Swr � Sgr

� �cw

(11)

krg ¼ krgo
Sg � Sgr

1� Swr � Sgr

� �cg

(12)

3 Numerical Simulation of Combined Production of NGH and Conventional Gas Reservoir

3.1 Geological Models of Different Coexistence Accumulation
According to the coexistent accumulation relationship between NGH and conventional gas reservoirs,

three different geological models were established from the perspective of production, as shown in Fig. 1.
Type A is a hydrate-bearing layer (HBL) directly adjacent to the conventional gas layer (CGL); Type B is
a permeable interlayer that exists between the HBL and the CGL; and the interlayer of Type C is an
impermeable layer.

Figure 1: Schematic diagram of three geological models: (a) Type A, (b) Type B, and (c) Type C
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Based on the geological models, a numerical simulation model for the combined production of NGH and
conventional gas was established. It was assumed that the entire model plane was homogeneous, so the
production performance was axisymmetric with the production well at the center. A vertical production
well was placed in one corner of the model to simulate 1/4 production performance. Taking Type A as an
example, the grid division is shown in Fig. 2. It was assumed that the depth at the top of the model was
1400 m, and the size of the model was 250 m × 250 m × 100 m, including the overburden, hydrate-
bearing layer, conventional gas layer, and the underburden. In the x and y directions, it has been divided
into 33 grids and the grid size has increased gradually away from the well, specifically being divided into
4 m × 1 m, 4 m × 4 m, 5 m × 6 m, and 20 m × 10 m. In the z direction, it has been divided into 40 grids.
Among them, the thickness of both overburden and underburden was 30 m, uniformly divided into five
grids. The thickness of the hydrate-bearing layer was 20 m, uniformly divided into 20 grids. The
thickness of the gas layer was 20 m, uniformly divided into ten grids.

The model adopted a closed boundary, and the initial temperature distribution of the reservoir was
calculated by the geothermal gradient equation:

T ¼ Ti þ TG � ðH � HiÞ (13)

The initial pressure distribution in the reservoir is hydrostatic pressure, which was calculated as follows:

P ¼ Pi þ qwgðH � HiÞ (14)

Compared with the Type A geological model, the Types B and C models had a 5 m interlayer between
HBL and CGL with porosity of 0.4, gas saturation of 0.2, and water saturation of 0.8. Assuming that the
interlayer of Type B was a permeable layer, the permeability was selected as the middle value of 7.5 ×
10−3 μm2 between the hydrate layer and gas layer. The interlayer of Type C was set to 0 for the
impermeable interlayer.

Using the depressurization method, the design production pressure was 4 MPa, and the simulated
production time was 3 years. The main parameters of the reservoir used in the simulation are shown in
Table 1.

Figure 2: Geological system and grid discretization of the numerical simulation model for Type A
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3.2 Production Performance of Depressurization under Different Coexistence Accumulation Models

3.2.1 Production Performance of Type A
To compare the evolutionary characteristics of production from the different layers, three different

production cases were simulated, including only depressurization in the HBL (only HBL DP), only
depressurization in the CGL (only CGL DP), and both HBL and CGL depressurization (HBL + CGL
DP).

For the different production layers, the evolution of the average reservoir pressure is shown in Fig. 3.
The average reservoir pressure was the average of the whole model’s pressure. It was observed that the
average reservoir pressure decreases much faster in the case of only CGL DP and HBL + CGL DP than
only HBL DP. This was due to the higher permeability of the CGL, which made the gas phase flow
faster. After a pressure reduction, CGL was produced more quickly, which further decreased the average
reservoir pressure and therefore affected the pressure in the surrounding HBL. However, in the case of
only HBL DP, the average reservoir pressure dropped slowly due to the lower permeability.

Fig. 4 shows the evolution of hydrate saturation at different production layers under Type A. The hydrate
close to the well decomposed first with a smaller area, when it was the only HBL DP. However, in the other
two cases, the bottom of the HBL decomposed first and to a greater area. This was due to the low
permeability of the HBL, which has limited pressure propagation, while the pressure drop of the more
permeable CGL propagated faster, causing a large area of decomposition at the bottom of the HBL with
which it was in contact.

Table 1: Parameters used in the simulation

Parameter Value Parameter Value

Bottom boundary pressure of
HBL Pi, MPa

13.83 Pore compression coefficient
Cf, MPa−1

10−3 [45]

Bottom boundary
temperature of HBL Ti, °C

14.15 Specific heat capacity of
sediment CR, J⋅kg−1⋅K−1

1000 [45]

Bottom boundary depth of
HBL Hi, m

1450 Water density ρW, kg⋅m−3 1000 [45]

Initial porosity 0.4 Sediment density ρR, kg⋅m−3 2600 [45]

Permeability of HBL k,
(10−3 μm2)

3.5 Geothermal gradient TG, K⋅m−1 0.05

Permeability of CGL k,
(10−3 μm2)

75 Sediment thermal conductivity
λR, W⋅m−1⋅K−1

3.92

Hydrate saturation of HBL 0.4 Capillary pressure
Po ¼ �Pco ðS�Þ� 1

kc � 1
h i1�kc

Water saturation of HBL 0.6 Pco, MPa 10−1 [45]

Mass density of hydrate ρh,
kg/m3

919.7 [43] Van Genuchten index λc 0.45 [45]

Gas saturation of CGL 0.4 Residual water saturation Swr 0.3 [45]

Water saturation of CGL 0.6 Residual gas saturation Sgr 0.05 [45]

FDMP, 2024, vol.20, no.3 511



Fig. 5 shows the comparison of gas production rate and cumulative gas production at different
production layers. In the case of only HBL DP, the reservoir pressure decreased slowly due to the low
permeability of HBL. When the pressure of HBL was lower than the phase equilibrium pressure of the
hydrate, the hydrate began to gradually dissociate and the gas production rate was generally low during
the whole production process. However, in the case of only CGL DP and HBL + CGL DP, the gas
production rate rapidly reached its peak because the gas in the CGL was produced immediately after
depressurization. According to the previous pressure change analyzed, the reservoir pressure also rapidly
decreased. Therefore, with the decrease in reservoir pressure, the production pressure difference was
reduced, and the gas production rate decreased significantly and remained stable. At the same time, there
were two noteworthy phenomena: (1) The cumulative gas production was relatively high in the case of

Figure 3: Evolution of average reservoir pressure at different production layers under Type A

Figure 4: Evolution of hydrate saturation at different production layers under Type A

512 FDMP, 2024, vol.20, no.3



only HBL DP and only CGL DP, and the sum of the two was much higher than that of HBL + CGL DP. This
indicated that since HBL and CGL were adjacent to each other, whenever one of the layers was depressurized
separately, gas from the other layer also flowed to the production layer through the depressurization.
Therefore, gas produced from the separate depressurization of HBL or CGL was not the only gas
contribution of that layer. (2) The gas production rate in the case of only CGL DP was very similar to
that of HBL + CGL DP, which indicated that the HBL had little contribution to the total gas production of
HBL + CGL DP.

Fig. 6 shows the comparison of water production rate and cumulative water production at different
production layers. In the early stage of depressurization, the water production rate was the highest in the
case of HBL + CGL DP, and the lowest in the only HBL DP. This was because both CGL and HBL have
certain initial water saturations, and the original water was produced quickly after depressurization. The
CGL had a fast pressure drop and high-water production. As the CGL pressure gradually decreased,
the production pressure differential decreased and the CGL water production gradually decreased. The
hydrate tended to decompose into water when the HBL pressure gradually dropped below the phase
equilibrium pressure. As a result, after 60 days, the water production rate evolved to be the highest in the
case of only HBL DP and lowest in the only CGL DP. The water production rate of the three cases all
decreased to a lower value after 1000 days.

3.2.2 Production Performance of Type B
In Type B, there was a permeable interlayer between HBL and CGL. The total number of grids in the z-

direction changed from 40 in Type A to 41 in Type B when the interlayer was included. Other simulation
parameters and production well settings were the same as in the Type A model.

Under different production layers, the evolution of average reservoir pressure during depressurization is
shown in Fig. 7. In the case of only CGL DP and HBL + CGL DP, the average reservoir pressure dropped
much faster than that in the only HBL DP, which was consistent with the previous pressure evolution of Type
A (as shown in Fig. 3). This showed that the presence of the permeable interlayer has little effect on pressure
propagation.

Figure 5: Evolution of gas production rate and cumulative gas production at different production layers
under Type A
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Fig. 8 shows the evolution of hydrate saturation at different production layers under Type B. With the
addition of a permeable interlayer, the hydrate saturation distribution under the three cases was not
significantly different from that of Type A. This was due to the relatively high permeability and small
thickness of the permeable interlayer, which had little effect on the interlayer fluid seepage and pressure
propagation at longer production periods, and therefore the permeable interlayer had little effect on the
hydrate saturation distribution.

Figure 6: Evolution of water production rate and cumulative water production at different production layers
under Type A

Figure 7: Evolution of average reservoir pressure at different production layers under Type B
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Fig. 9 shows the comparison of gas production rate and cumulative gas production at different
production layers. In the case of only CGL DP and HBL + CGL DP, the gas production rate rapidly
increased to the peak after initial depressurization, and then rapidly decreased, which was the same as
under Type A. However, compared with Type A, there were two differences in the case of only HBL DP.
First, the peak gas production was slightly increased due to the existence of a small amount of gas in the
interlayer. Second, the peak gas production was slightly later due to the interlayer permeability being
smaller than that of the CGL, which reduced the rate of gas transport from the CGL to the HBL. In
general, due to a certain amount of gas contained in the interlayer, the cumulative gas production in all
three cases was approximately 6.7%–7.7% higher than that of Type A. At the same time, since the
interlayer connected the HBL and CGL, the gas production in the case of only HBL DP or only CGL DP
was not only the gas contribution from that layer, which was the same as under Type A.

Figure 8: Evolution of hydrate saturation at different production layers under Type B

Figure 9: Evolution of gas production rate and cumulative gas production at different production layers
under Type B
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Fig. 10 shows the comparison of water production rate and cumulative water production at different
production layers. In the initial stage of depressurization, compared with Type A, the water production
rate increased slightly in both cases of only CGL DP and HBL + CGL DP while it remained almost the
same in the case of only HBL DP due to the permeable interlayer. The primary reason was that the
permeable interlayer was extremely saturated with water. In the case of only CGL DP and HBL + CGL
DP, the interlayer water permeated the CGL due to the fast pressure drop of the CGL and the water
gravity effect, thus increasing the water production. However, in the case of only HBL DP, the pressure
of the reservoir decreased slowly due to the low permeability of the hydrate layer. Besides, the interlayer
was located below HBL, so the existence of the interlayer had little influence on the initial water
production rate of only HBL DP. After 90 days, the water production rate of only HBL DP was higher
than that of only CGL DP and HBL + CGL DP. On the one hand, the water production of CGL rapidly
decreased due to the reducing production pressure difference; on the other hand, the water production rate
of HBL gradually increased due to the dissociation of hydrate. As a result, after 60 days, the water
production rate evolved to be highest in the case of only HBL DP and lowest in the only CGL DP. The
water production rate of the three cases all decreased to a lower value after 1000 days. In general, only
HBL DP had the highest cumulative water production and only CGL DP had the lowest over the 3-year
production period.

3.2.3 Production Performance of Type C
In Type C, there was an impermeable interlayer between BHL and CGL. Same as Type B, the total

number of grids in the z direction was 41. Other simulation parameters and production well settings were
the same as for Type A.

The evolution of average reservoir pressure under different production layers is shown in Fig. 11. In both
the only HBL DP and only CGL DP cases, the average reservoir pressure drop was significantly smaller in
Type C due to the impermeable barrier impeding the connection between the HBL and CGL, which differed
significantly from Types A and B (as shown in Figs. 3 and 7). This was especially in the case of only HBL DP
due to the low permeability of HBL. In the case of HBL + CGL DP, the average pressure reduction of the
whole reservoir was the largest due to the simultaneous reduction of the upper HBL and lower CGL
pressures, but the average pressure reduction of Type C was significantly smaller than that of Types
A and B.

Figure 10: Evolution of water production rate and cumulative water production at different production
layers under Type B
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Fig. 12 shows the evolution of hydrate saturation at different production layers under Type C. Hydrate
decomposed slowly in all three production cases. The distribution of hydrate saturation was similar for only
HBL DP and HBL + CGL DP. The top and bottom of the HBL decomposed faster due to the heat transfer of
the burden. However, the hydrate layer hardly decomposed in the case of only CGL DP. The primary reason
was that the presence of impermeable interlayers impeded fluid flow and pressure propagation between HBL
and CGL, resulting in little reservoir pressure drop and a hydrate decomposition rate of almost 0.

Figure 11: Evolution of average reservoir pressure at different production layers under Type C

Figure 12: Evolution of hydrate saturation at different production layers under Type C
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Fig. 13 shows the comparison of gas production rate and cumulative gas production at different
production layers. At the initial stage of depressurization, in the case of only CGL DP and HBL + CGL
DP, the gas production rate rapidly reached its peak and sharply decreased, which was the same trend as
previously observed for Types A and B. However, it was noteworthy that the peak gas production and
cumulative gas production were slightly higher than those of HBL + CGL DP in this production stage for
the only CGL DP case. The reason was that in the case of HBL + CGL DP, there was an impermeable
interlayer between HBL and CGL. Therefore, for the gas flow in the reservoir, the gas production
performance of HBL and CGL did not affect each other. However, for the flow dynamics in the same
wellbore, when the HBL and CGL were depressurized at the same time, the produced water of HBL
affected the gas flow of CGL in the same wellbore, making the peak of gas production rate slightly
decrease in the case of HBL + CGL DP. In the case of only HBL DP, compared with the cases of Types
A and B, the pressure dropped very slowly due to the low permeability of the HBL, which inhibited the
decomposition and gas production of the hydrate. Meanwhile, the gas seepage from the CGL to HBL was
completely impeded by the existence of the impermeable interlayer, thus the gas production rate was very
low when only the hydrate layer was depressurized. Therefore, the cumulative gas production of the case
HBL + CGL DP was almost equal to the sum of the only HBL DP and only CGL DP.

Fig. 14 shows the comparison of water production rate and cumulative water production at different
production layers. In the early stages of depressurization, the water production rate was the highest in the
case of HBL + CGL DP and the lowest in only HBL DP. After 120 days of production, the water
production rate of CGL DP only was almost zero, while the difference in water production rate between
only HBL DP and HBL + CGL DP was not significant, which was because the hydrate decomposition
water in HBL was the main source of produced water in the middle and late stages of production. In
summary, the cumulative water production with only CGL DP was the lowest over the 3-year production
and much lower than the cumulative water production with HBL DP only and HBL + CGL DP.

Figure 13: Evolution of gas production rate and cumulative gas production at different production layers
under Type C
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3.3 Comparison of Gas and Water Production under Different Coexistent Accumulation Models
The cumulative gas and water production at different production layers under different coexistent

accumulation models after three years of depressurized production is presented in Table 2. The
cumulative gas production of Type A and Type B was much higher than that of Type C, regardless of
whether in the case of only HBL DP, only CGL DP, or HBL + CGL DP, indicating that the existence of
an impermeable interlayer had a significant impact on gas production. In the three coexistent
accumulation models, the cumulative gas-to-water ratio of only CGL DP was much higher than the other
two cases, which was due to the absence of perforation in the HBL and the lower cumulative water
production. Therefore, the only CGL DP was recommended when considering the optimal gas-to-water
ratio, no matter which type of coexistent accumulation model. The case of HBL + CGL DP had the
highest cumulative gas production under the three coexistent accumulation models. Thus, the HBL + CGL
DP was optimal when the largest gas production was considered.

Figure 14: Evolution of water production rate and cumulative water production at different production
layers under Type C

Table 2: Production performance under different production layers of Types A, B, and C

Coexistent accumulation
models

Cases Cumulative gas
(104 m³)

Cumulative
water (m³)

Accumulative gas-water
ratio

Type A Only HBL
DP

3618.26 9061 3993

Only CGL
DP

4188.33 4600 9105

HBL + CGL
DP

4188.06 6375 6569

Type B Only HBL
DP

3863.39 9656 4001

(Continued)
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Table 3 analyzes the production contribution of the HBL and CGL in different coexistent accumulation
models during HBL + CGL DP. The HBL of Type B had the highest cumulative gas production and Type A
had the lowest. However, the spatial evolution of hydrate saturation was similar for both types (as shown in
Figs. 4 and 8). This was because most of the dissociated gas in Type Awas produced from the CGL, while in
Type B the presence of a permeable interlayer impeded the flow of the dissociated gas and therefore was
produced from the HBL. In contrast, the HBL pressure propagation range of Type C was limited,
resulting in low hydrate decomposition (as shown in Fig. 12) and low cumulative gas production.

4 Conclusions

(1) Three different coexistent accumulation models of HBL and CGL are proposed in this article. Type
A has the HBL directly adjacent to the CGL, Type B has a permeable interlayer existing between the
HBL and the CGL, and Type C has an impermeable interlayer between the HBL and the CGL.

Table 2 (continued)

Coexistent accumulation
models

Cases Cumulative gas
(104 m³)

Cumulative
water (m³)

Accumulative gas-water
ratio

Only CGL
DP

4486.83 6999 6410

HBL + CGL
DP

4510.64 9062 4977

Type C Only HBL
DP

139.72 25183 55

Only CGL
DP

2559.51 1110 23058

HBL + CGL
DP

2666.74 25897 1029

Table 3: Contribution of HBL and CGL to production capacity in case of HBL + CGL DP of Types A, B,
and C

Coexistent
accumulation
models

Cases Cumulative gas
of HBL (104 m³)

Cumulative gas
of CGL (104 m³)

Capacity
contribution of
HBL (%)

Capacity
contribution of
CGL (%)

Type A HBL +
CGL
DP

75.74 4112.32 1.08 98.92

Type B HBL +
CGL
DP

383.79 4126.85 8.51 91.49

Type C HBL +
CGL
DP

129.45 2537.29 4.85 95.15
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(2) For Types A and B, the gas produced from the separate depressurization of HBL or CGL is not the
only gas contribution of that layer. For HBL + CGL DP, the contribution of gas production from the
HBL increases with the presence of permeable interlayers.

(3) The cumulative gas production of the Type C is much lower than that of Type A and Type B under
all three production cases, indicating that the impermeable interlayer is not beneficial to combined
production.

(4) The only CGL DP has the largest gas-to-water ratio in all three different coexistent accumulation
models. The HBL + CGL DP is optimal when the largest gas production is considered.
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